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SUMMARY. Many research studies have evaluated potential organic and mineral container substrate components for use in commercial potting substrates. Most studies report results of plant growth over a single production season and only a few include physical properties of the substrates tested. Furthermore, substrates containing predominantly organic components decompose during crop production cycles producing changes in air and water ratios. In the commercial nursery industry, crops frequently remain in containers for longer periods than one growing season (18 to 24 months). Changes in air and water retention characteristics over extended periods can have signifi cant effect on the health and vigor of crops held in containers for 1 year or more. Decomposition of organic components can create an overabundance of small particles that hold excessive amounts of water, thus creating limited air porosity. Mineral aggregates such as perlite, pumice, coarse sand, and calcined clays do not decompose, or breakdown slowly, when used in potting substrates. Blending aggregates with organic components can decrease changes in physical properties over time by dilution of organic components and preserving large pore spaces, thus helping to maintain structural integrity. Research is needed to evaluate changes in container substrates from initial physical properties to changes in air and water characteristics after a production cycle. L ike people, horticultural substrates are unique and exhibit variable physical and biological changes as they age. Container substrates used in production of horticultural crops are predominantly organic components such as peat moss or bark blended with other organic or mineral components. The objective of this paper is to discuss physical properties of container substrates, changes in air and water characteristics during growth cycles, and management strategies that can be implemented to reduce negative effects on growth of crops.
There are no distinct universally accepted standards for the physical properties of container substrates. However, suggested ranges for easiest management of most potting substrates utilized in commercial production of horticultural crops are within the following ranges: total porosity (TP) (50% to 85%), air space (AS) (10% to 30%), container capacity (CC) (45% to 65%), available water (AW) (25% to 35%), unavailable water (UAW) (25% to 35%) and bulk density (D b ) (0.19 to 0.7 g.cm -3 dry weight) (Yeager et al., 1997) (Table 1) . If potting substrates are within these suggested physical property ranges, irrigation and nutrient programs may require less intense management. Initial physical properties of potting mixes can be engineered for optimal characteristics. Moisture retention characteristics of components blended into a container substrate are an average of the individual components. However, even when the same components are blended in identical ratios, physical properties vary due to differences in particle size. Pine bark can vary from one shipment to the next. For example, two pine bark samples were hammermilled to pass through a 1.5-inch screen on separate dates by a commercial nursery pine bark supplier. Particle size distribution for the two samples was compared in the N.C. State Horticulture Substrates Laboratory. Particle size distribution was obtained by screening four 100g air dried samples of each for 5 min at 160 shakes/min with a Ro-Tap shaker (W.S. Tyler, Inc., Mentor, Ohio) and U.S. standard sieves. The fi nest particles that passed through a sieve opening of 0.5 mm and four smaller sieves before being collected in the receiver pan were compared. Results revealed that 21.9% (by weight) of fi ne particles were collected from the fi rst sample while 34.3% fi ne particles (by weight) were collected for the second sample. One explanation for the differences was moisture content of the pine bark at the time of processing. Several rain events preceded processing of the second sample. The moist sample remained in the hammermill longer than a dry sample; thus more grinding occurred before the bark passed through the 1.5-inch screen. Pokorny and Henny (1984) also noted that substrates with the same components and ratio of components were assumed to be the same, but in their studies physical properties were not identical. Differences in physical properties in their study were due to shrinkage and particle size differences of the components blended. Variation of identical components occurs if dry components are blended compared to blending moist components. Dry components when mixed tend to fi t together tightly and increase D b of the substrate compared to when moist components are blended. Consequently, air space is reduced when dry components are mixed and water may even pool on the substrate surface. Airhart et al. (1978a) reported that an air dry peat-vermiculite substrate required 5 d to reach 70% to 78% of moisture saturation while milled pine bark required 48 d to achieve 58% to 70% saturation. Composts for potting substrates have been widely tested using a variety of materials, including municipal wastes such as yard waste, garbage wastes, and biosolids/sludge; agricultural wastes such as rice hulls, cotton gin trash, peanut hulls; and animal and industrial wastes such as kitchen wastes, fl y ash, and animal processing plant wastes. Many of these organic composts in addition to hypnum or reed-sedge peats, and sphagnum peat moss hold moisture within the particles similar to a sponge. Furthermore, composted materials often lack the coarse, large particles necessary for adequate aeration and therefore are not used in amounts greater than 50% of the volume for most container substrates (Bilderback and Jones, 2001) . In contrast, bark, sand, and most aggregates hold moisture between particles, therefore air and water retention characteristics are largely dependent upon how components "blend together" initially. However, due to aging, decomposition, and softening of particles under production conditions, most bark components can also hold considerable moisture within particles as well (Airhart et al., 1978b) .
Very little data have been published on changes in organic container substrates as they decompose over time. In a study conducted by Harrelson et al. (2004) , physical properties of fresh pine bark and aged pine bark (aged for 1 year in an unprotected location) were compared at initial potting and after 1 year in production ( Table 2) . Total porosity of both fresh and aged pine bark sources were similar at potting; however, AS, CC, AW, UAW, and D b were very different. The aged pine bark had 25.2% AS compared to 39.3% AS for fresh pine bark. The suggested range for pine bark as a single component is 20% to 30% air space (by volume); therefore, the 39.3% AS for fresh pine bark had few micropores to hold moisture (Bilderback and Jones, 2001) . This observation was supported by the difference in CC as the fresh pine bark had only 49.0% CC compared to 61.1% CC for aged pine bark. Available water content in fresh pine bark was 9.8% compared to 26.3% for aged pine bark. Aged pine bark as a single component substrate initially possessed the physical properties that met all the required criteria for vigorous crop growth under typical nutrient and irrigation programs. In contrast, fresh pine bark had very low AW and excessive AS. These physical properties would demand a change in traditional irrigation management. Harrelson et al. (2004) compared physical properties after 56 and 336 d of fresh and aged pine bark sources blended with coarse builders sand (8 pine bark : 1 sand, 11% sand by volume). These substrates were also used in a 160-d plant growth study. Total dry weight of skogholm cotoneaster (Cotoneaster dammeri 'Skogholm') grown in the aged 8 pine bark : 1 sand was 12% larger than cotoneaster grown in fresh 8 pine bark : 1 sand substrate. Additional N did not increase growth in the fresh pine bark-sand substrate; therefore, the authors speculated that the growth differences were due to differences in physical properties (Table  2) . Container capacity and AW in the aged pine bark-sand substrate were signifi cantly greater than fresh pine bark 56 and 336 d after treatment initiation (DAI) ( Table 2 ). This was also refl ected in the volume of irrigation required to maintain a 0.2 leaching fraction in each substrate. Aged pine bark with a higher AW capacity required a greater volume of water. This supports a conclusion that it was diffi cult to maintain adequate water in the fresh pine bark-sand substrate and growth was limited by AW content. The authors concluded that fresh pine bark-sand substrate would require frequent irrigation with small quantities of water due to limited AW content. Of additional interest is the change in AW and AS from 56 to 336 DAI in the fresh 8 pine bark:1 sand substrate (Table  2) . Available water increased from 15.8% to 22.3% while AS decreased from 36.3% to 24.9%. These changes demonstrate dramatic improvements in the physical properties with time. Conversely, the aged pine bark-sand substrate became marginally acceptable with a decrease in AS from 25.9% to 17.0%. Consequently, both fresh and aged pine bark can present challenges to the grower. Spomer (1975) stated that drainage in organic substrates could be improved either by increasing container depth or by amending the medium with coarse components. Aggregates such as perlite, PermaTill (concrete block particles; Carolina Statlite Co., Salisbury, N.C.), pea gravel, pumice, sand, screened fl y ash, granite shavings, and calcined clay can be used as coarse components for potting substrates. Ag- Means within columns and weeks after treatment initiation followed by the same letter are not signifi cantly different as determined by Fisher's protected least signifi cant difference, P = 0.05.
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gregates that are used in the nursery industry tend to be local products. Some products, such as pea gravel, coarse sand, and concrete block particles, can drastically increase wear on mixing equipment and, in the case of fl y ash, raise pH and alter chemical properties of potting substrates. Aggregates can also grind organic components, reducing particle size if mixed for too long in mechanical blending equipment. Addition of sand to bark is a common practice throughout the U.S. Nurseries add sand to bark to increase the weight of containers to prevent blow-over and to slow infi ltration rate of irrigation water as it moves through the container profi le, particularly in fresh bark. The slower infi ltration rate promotes more thorough wetting of the substrate, compared with straight coarse bark particles, through which water can channel rapidly to the bottom of the container (Bilderback and Jones, 2001) . Growers use sources of sand that are available locally due to costs related to hauling. Mortar sand used in laying brick must be used cautiously in potting mixes since it has very fi ne particles and readily fi lls pores between larger bark particles, reducing AS. Most growers use washed builder's sand (particle size distribution is approximately 56% of particles between 2.0 to 0.5 mm with ≤10% particles <0.2 mm). Builders sand usually has a wet weight of 120 lb/ft 3 , approximately 9% AS and 36% TP (Bilderback, 1982) . In some localities, well point gravel that has a large particle size [approximately 56% particles ≥2.0 mm; 40% particles between 2.0 mm to 0.25 mm; and 5.0% ≤0.5 mm (small particles)] is used by nurseries. When potting materials have greatly different particle sizes, such as pine bark and fi ne sand, the fi nal volume is not additive if they are mixed together (e.g., 1 yard 3 plus 1 yard 3 results in less than 2 yard 3 , perhaps 1.5 to 1.75 yard 3 ). In this situation, a great increase in the D b of the substrate would be expected. An increase in bulk density results in lower TP and decreased AS. Even coarse builder's sand is much smaller in particle size than large pine bark particles; therefore, adding sand usually increases moisture retention and AW content but reduces AS and TP when added to bark.
Arcillite is a calcined montmorillite and illite clay. When used as a substrate amendment, arcillite improved growth of container-grown nursery crops (Warren and Bilderback, 1992; Wildon and O'Rourke, 1964) . Determining optimal rates for components used in potting substrates requires experimentation. Testing should include evaluation of physical and chemical characteristics as well as growth studies of promising combinations of components. In a study conducted by Warren and Bilderback (1992) , arcillite was incorporated into milled, screened pine bark in incremental rates of 0, 45, 90, 112, or 136 lb/yard 3 . Container capacity, AW, and D b increased with increasing arcillite rate, whereas TP and UAW were unaffected (Table 3) . Air space decreased with increasing arcillite rate from 29.2% for pine bark alone to 20.8 % at the 136 lb/yard 3 arcillite rate. Sunglow azalea (Rhododendron 'Sunglow') growth increased curvilinearly with increasing arcillite rate with the maximum dry weight of 39.5 g occurring at 112 lb/yard 3 . Shoot dry weight of skogholm cotoneaster also increased curvilinearly with increasing arcillite rate. The maximum dry weight of 132.0 g also occurred with 112 lb/yard 3 .
Crops in small containers may overcome decomposition problems in early periods of production if roots become distributed throughout the potting substrate quickly. The greatest disadvantage is that AS may be reduced too much over production periods, requiring careful irrigation management to avoid waterlogging and anoxia of roots (Bilderback and Jones, 2001) . Waterlogged substrates are also a problem in large containers when crops are held for as long as 2 years during a production cycle. Under long production cycles, substrate in large containers becomes spongy. Very little data or documentation of the effects of organic component decomposition have been published due to the diffi culty of measuring physical property changes over time. Laboratory analyses of initial physical properties at potting can be compared to end of the production cycle physical properties. However, comparisons are usually not conducted under laboratory conditions since changes in D b of the substrate that occurred over time are diffi cult to reproduce by packing sample cores for porometer laboratory analyses Fonteno, 1996; Niemiera et al., 1994) . Rather than packing cores in the lab, there are two procedures that can be used to compare substrate physical characteristics over a period of time. One alternative is to bury sample cores in fallow containers; these containers containing cores are then placed under production conditions. The cores are removed after either 9 weeks or 1 year and physical properties determined (Warren and Bilderback, 1992) . This procedure is not frequently done since very few researchers have equipment for physical property analysis and laboratory sample cores are tied up for long periods of time. A second alternative is to conduct initial laboratory analyses by packing cores for porometer analyses; then samples for end of production analysis are created by fi lling fallow containers with the substrate and placing the fallow containers under nursery production conditions for a determined length of time. Core samples can then be collected from fallow containers by driving a sharpened beveled ring attached to a sampling core into the substrate and extracting the sample for porometer analysis. It can be diffi cult to obtain intact samples using this procedure if large particles such as coarse pine bark are a component in the substrate.
Several volume displacement methods have been reported that provide approximate values for TP, AS, CC and D b (Bilderback, 1982; Gessert, 1976; Spomer, 1975; Whitcomb, 1979) . Most of these procedures begin with determining the volume of the container. This procedure frequently includes covering drain holes of selected containers and measuring the volume of the container by fi lling the container with water or substrate. The next step measures the amount of water required to saturate the substrate, followed by uncovering the drain holes and measuring the volume of water drained from the container. There are similar procedures that substitute wet weight of substrates after drainage, and oven dry weight of substrates (Fonteno, 1996) . Other procedures suggest inserting plastic bags in containers to determine air and water characteristics (Cooke et al., 2004) .
Although conducting "home remedy" analyses of physical property results will not be as precise as laboratory analyses, these procedures can be used to investigate changes between initial and end of production physical properties of container substrates (Cooke et al., 2004) . Simply weighing fallow substrate-fi lled containers after potting and comparing them to end of production container weight could be useful in understanding changes in physical properties over time. To obtain useful data, overfi ll 10 containers with potting substrate, tap the bottom of the containers three times on a surface to settle the substrate, then level the substrate with the top of the container. Containers are then irrigated, drained for 2 h, and wet weight recorded. At the end of the production cycle containers are irrigated, drained for 2 h and weighed. The shrinkage of the substrate from the top of the container could be measured to determine an approximate fi nal volume and wet D b. by dividing the fi nal weight of the container by the adjusted volume of the container. Changes in wet D b can then be compared between initial and fi nal samples. Pokorny (1993) recommended that growers determine D b of potting substrates, as many quarantine requirements for interstate shipping require pesticide application based on D b of potting substrates. Bulk density is usually expressed as the dry weight per given volume of container substrate either as pounds per cubic foot or grams per cubic centimeter. To determine a dry bulk density, contents of the container would need to be placed in an oven and dried until they no longer lose weight. This generally can be accomplished by placing a 1-gal container in an oven at 145 °F for 48 h.
Knowing initial and end of production cycle physical property values would allow growers to determine a critical "sell or shift" schedule. Physical properties affect all the resources in the container, including water and air space, and nutrient availability. Excessive water held in containers limits root growth and the overall vigor of the crop. Plants growing in waterlogged containers begin to decline, resulting in application of crop protection chemicals and minor element supplements, such as chelated iron, to maintain a healthy appearance in plants that no longer have actively growing roots.
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